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Abstract: 
Organic semiconductor materials have been widely studied for light emission and lasing due 
to their ability to tune the emission wavelength through chemical structural modification and 
their relative ease of fabrication.  Strong light-matter coupling is a promising route towards a 
coherent light source because it has the potential for thresholdless polariton lasing.  However, 
the materials studied so far have relatively high thresholds for polariton lasing.  Here we 
report the suitability of pentafluorene for strong coupling and low threshold polariton lasing. 
We use a protective buffer layer to reduce degradation during fabrication and lower the lasing 
threshold using negative detuning to maximize radiative decay. We obtain a low threshold of 
17 µJ cm-2, corresponding to an absorbed energy density of 11.7 µJ cm-2. This study shows 
that pentafluorene is an attractive material for polariton lasing and will assist in the 
development of low threshold electrically pumped lasing from polariton devices.  
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Introduction 
Strongly coupled light-matter systems have attracted considerable interest due to their 
possibility to realize low threshold polariton lasing as well as to study quantum systems such 
as polariton condensation and superfluidity.[1] Only a few inorganic semiconductor materials 
that exhibit high binding energy have demonstrated room temperature low threshold polariton 
lasing.[2] Organic semiconductor materials can show robust strong coupling at room 
temperatures,[3] due to their large exciton binding energy (of several hundreds of meV) and 
high oscillator strength. They have been widely applied in light emitting devices and 
conventional lasers,[4] but despite these promising features, it is only recently that polariton 
lasing has been realized in such materials.[5,6] A growing understanding of the suitability of 
organic semiconductor materials is now opening up more detailed studies of  polariton 
condensates, including lateral confinement, studies of coherence, stability and 
superfluidity.[7,8]  
 
A major attraction of polariton lasers is the potential to achieve much lower thresholds than 
in conventional photon lasers, since no population inversion is required. Achieving low 
threshold operation is vital for future organic polariton devices, both to enhance stability by 
reducing photo-induced degradation, and to reduce the number of charge carriers required to 
achieve an electrically pumped polariton laser. However, the cavity polariton lasing 
thresholds from organic semiconductors in planar microcavities reported to date[5-6] are 
higher than 300 µJ cm-2 in incident excitation density and also higher than photon lasing 
thresholds from the same class of materials. There is therefore a need for new materials that 
can achieve low threshold polariton lasing. In this paper we report polariton lasing using an 
oligofluorene in a planar dielectric microcavity giving an order of magnitude reduction in 
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threshold to 17 J cm-2. This corresponds to an absorbed energy density of 11.7 J cm-2. It is 
also comparable with the lowest plasmon exciton polariton lasing threshold of 18 J cm-2, 
obtained from a dye on a laterally patterned nanoparticle array.[9]  
 
To achieve this low-threshold operation, we select a material with high photoluminescence 
quantum yield (PLQY) and oscillator strength, pentafluorene, and introduce a buffer layer in 
the top mirror to retain the high PLQY in the dielectric microcavity. We observe the key 
features of polariton lasing including a non-linear emission intensity beyond a threshold 
excitation density, a drop in the spectral linewidth of emission, and increase in directionality 
of emission. An associated collapse in the spatial distribution of emission and macroscopic 
coherence are also observed. In contrast with photon lasing, accumulation of population is at 
the bottom of the lower polariton branch. We also observe a drop in polariton lasing threshold 
by simultaneously increasing the radiative component of the lower polariton mode through 
negative detuning and the proximity to the spectral gain window of pentafluorene. This 
suggests that the population mechanism dominating the lower polariton branch is largely 
radiative.[10] 
 
Results and Discussion 
Oligofluorenes are a class of materials associated with high exciton binding energy and 
absorption oscillator strength.[11,12] They are also associated with very short radiative 
lifetimes[12,13] and high photoluminescence (PL) quantum yield.[14] Oligofluorene films have 
been reported not to show green excimer emission when annealed in air as can happen in 
polymers.[15] Oligofluorene films have also shown amplified spontaneous emission[16] with 
thresholds of the order of 1 J cm-2. Oligofluorenes can be easily synthesized and processed 
into films from solution or evaporated to give films of a desired thickness. These properties 
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make oligofluorenes suitable materials for organic polariton lasers. In a previous study, we 
observed that the PL quantum yield increased and the radiative lifetime decreased when the 
number of fluorene units in oligofluorene increases.[14] The transition dipole moment also 
increased with the oligomer length. For these reasons, we chose to study pentafluorene in this 
work. 
 
Pentafluorene has an inhomogenously broadened absorption peak at 369 nm (3.36 eV) with a 
FWHM of 60 nm (517 meV). The emission from neat films present two vibronic peaks at 417 
nm (2.96 eV) and 442 nm (2.81 eV) with an overall FWHM of 44.5 nm (314 meV). The 
energy difference between the peak absorption and peak emission is 400 meV. The neat films 
also present a very short emission lifetime of 440 ps and a high PLQY close to 90% (see 
supplementary information for more details). We fabricate strongly coupled pentafluorene in 
planar microcavities by spin-coating neat films of different thicknesses sandwiched between 
distributed Bragg reflectors (DBRs) (Figure 1(a)).  The DBRs consisted of pairs of 
SiO2/Ta2O5, and were designed with a center reflectivity of 410 nm (3.02 eV) at normal 
incidence to include both the peak absorption and the two main emission peaks within the 
stop band (Figure 1(b)). The bottom DBR bandwidth was also optimized to have peak 
transmission at 343 nm (3.62 eV) to allow optimal excitation of the pentafluorene by the 343 
nm laser pulses incident on the bottom DBR. The deposition of the top DBR by 
radiofrequency (RF) sputtering on pentafluorene would expose the active material to argon 
and oxygen plasma. Studies on cellulose and polypropylene have shown that cleavage and 
oxidation of covalent bonds in the material up to 10 nm from the surface can take place on 
exposure to RF argon and oxygen plasma.[17] Such functionalization would degrade the light 
emitting properties of pentafluorene. Hence there is a need to protect the active material using 
a transparent material with a thickness of about 10 nm. While sputtering cannot be used to 
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deposit the protective layer, spin coating is also unsuitable at it would dissolve the active 
material. Lithium fluoride (LiF) was chosen as an appropriate material that can be evaporated 
to about 10 nm thickness on pentafluorene films. We find that sputter deposition on bare 
pentafluorene reduces the PLQY to 34%, but a LiF protective layer followed by a sputtered 
layer gives a PLQY of 56% (see supplementary information S1). The bottom (top) DBRs 
showed a transmission minimum of 0.8% (1.8%). Using values of 99.2 % (98.2%) for 
reflectivity we calculate a finesse of 290 for the cavities. 
 
Three cavities A, B and C were fabricated with neat pentafluorene active layer films of 
different thicknesses resulting in polariton modes at 437 nm, 432 nm and 422 nm respectively 
at normal incidence. The thicknesses of the films in the three cavities were estimated to be 
115 nm, 110 nm and 94 nm respectively based on transfer matrix calculations of the cavity 
resonance. Test films deposited under similar conditions later resulted in films between 105 
nm to 76 nm for similar range of spin speeds. The optical resonances are negatively detuned 
from the exciton energy at normal angle of incidence. Experimental measurement of the 
angle dependent reflectivity from cavity A is shown using scattered points in Figure 1(c). The 
experimentally recorded reflectivity spectra at small and large angles are shown in 
supplementary section 2. An anti-crossing in the dispersion, a characteristic feature of strong 
coupling, is clearly observed. The dispersion of the lower and upper polariton modes can be 
matched to a coupled oscillator model whose solutions follow the relation  
     (1) 
for the energy of the upper (EU) and lower polariton (EL) modes, where  = 3.4 eV is the 
peak absorption energy of pentafluorene film, Ep(θ) is the angle (θ) dependent energy of the 
cavity mode given by  
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         (2) 
 = 1.8 is the effective refractive index of the cavity, giving a half-Rabi splitting energy (Ω) 
of ~250 meV. The coupled oscillator model dispersion is plotted with dotted lines in figure 
1(c). The dispersion of the pentafluorene microcavities was also calculated using transfer 
matrix approach. The refractive index of neat pentafluorene film was obtained using fits to 
experimentally recorded variable angle spectroscopic ellipsometry (see Supplementary Figure 
S4). The TM polarized reflectivity of the cavity was then calculated for a 115 nm thick active 
layer as shown in Figure 1(c) as pseudo color map. Both methods fit excellently with the 
experimental data. From the coupled oscillator model, the photon fraction of the polariton 
mode and detuning (energetic separation between the exciton and photon mode) can be 
extracted (see Supplementary Figure S5). We have 85% to 75% photon fraction at the bottom 
of the lower polariton branch and a negative detuning of 450 meV, 400 meV and 330 meV 
for the three cavities. 
 
To measure the lasing characteristics of the pentafluorene microcavities, the angle-resolved 
polariton emission spectra were recorded in Fourier space by varying the excitation 
density.[18] The cavities were excited non-resonantly with 343 nm 200 fs duration pulses 
through the substrate. Figure 2 (a-c) depicts the vertically polarized emission from the cavity 
at three different incident (absorbed) excitation densities of 0.5 , 1.5  and 3  where 
 = 16.7 (11.7) J cm-2 (4.0 nJ pulse energy, 175 µm spot diameter). Below threshold the 
emission follows the lower polariton dispersion obtained in the reflectivity spectra with 
emission over a large range of angles (Figure 2(a)). The cavity mode obtained from the 
coupled oscillator model is plotted as yellow dashed lines. The uncoupled dispersionless 
pentafluorene film emissions at 417 and 442 nm (vibronic peaks) are weak showing the 
7 
 
consistency and quality of the fabrication. The absence of these features below threshold 
indicates that the molecules are strongly coupled and emission occurs only through the 
polariton mode. Above threshold a spectrally narrow and highly directional emission from 
the bottom of the lower polariton branch appears, which increases in intensity rapidly with 
increasing excitation density (Figure 2(b)). This is a key feature of polariton lasing where 
polaritons of large in-plane wave vector (k∥) accumulate macroscopically at the bottom of the 
lower polariton branch. We note that the emission has a narrow divergence and flat 
dispersion suggesting that it comes from a spatially localized state at a single energy. At 3 , 
the emission extends to higher energy modes due to repulsive interaction between polaritons 
(Figure 2(c)) similar to inorganic microcavities.[19] 
 
Real space images of the emission show the localization effect as intensity increase. At 0.5 
 the emitting spot has the same size as the excitation spot showing a Gaussian distribution 
of polariton emission (Figure 2(d)). As the threshold is crossed the peak emission emerges 
mainly from localized spots extending a few micrometers in size, as seen in many other 
materials,[7] (Figure 2(e)). The positions of the spots are repeatable with measurements of the 
same excitation densities showing that they may be due to inhomogeneity in the film 
thickness. On increasing the excitation density further the lasing spots spread to a larger area 
as a result of polariton repulsive interactions (Figure 2(f)).  
 
Cavities B and C show similar emission spectra (see Supplementary FigureS6). However, the 
incident (absorbed) lasing threshold increases as the detuning reduces giving  = 20 J cm-2 
(14 J cm-2) and  = 46 J cm-2 (32.2 J cm-2). This could be attributed to higher losses due 
to reabsorption of excitations by the uncoupled exciton reservoir, as increasing the cavity 
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frequency leads to greater overlap with the molecular absorption spectrum. Despite this, 
polariton lasing is observed over a wide range of negative detunings in these cavities. The 
uncoupled exciton reservoir can in principle decay both radiatively as well as non-radiatively 
into the lower polariton branch.[10] Strongly coupled J-aggregates have been observed to 
decay predominantly non-radiatively[20] due to their low PLQY. However drop in polariton 
lasing threshold with the larger PLQY pentafluorene and larger detuning suggest that 
radiative decay is the dominant polariton relaxation mechanism here. From real space images 
in both these cavities (Supplemental Figure S6 (d-f) and (j-l)), it is observed that below 
threshold the spatial polariton distribution follows the excitation spot. Above threshold 
excitation density, highly populated regions that are spatially fragmented and localized near 
the excitation spot center appear. With increasing excitation density, polariton repulsive 
interaction that result in blue shifted emission also result in spatial spread to a larger area.  
 
Figure 3 (a) shows several emitted spectra, collected in the range of ±5˚ (or |k∥| < 1.3 µm
-1), 
above and below threshold excitation density ( ) for cavity A. We observe that sharp 
intense peaks appear above threshold that do not shift in energy. At threshold, a narrow peak 
on the low energy side of the lower polariton branch emerges and increases in intensity with 
excitation density. Above threshold multiple narrow peaks each of spectral FWHM around 
0.2 nm emerge. We believe that the disorder in layer thickness across the sample leading to 
variation in resonant photon energy, is the reason for multiple peaks in the emission spectrum 
above threshold. Figure 3(b) plots the peak emission intensity as a function of incident 
excitation density (solid symbols). Below threshold the peak intensity increases sublinearly 
while above the threshold excitation density, the emitted intensity increases superlinearly. For 
the range of excitation densities up to 3  the emission is repeatable as seen through three 
consecutive measurements. A second threshold into photon lasing regime was not observed 
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as the cavity undergoes irreversible photo-degradation of emission intensity for excitation 
densities beyond 3 . For organic semiconductors in planar microcavities, only green 
fluorescent protein has been able to show this transition at an excitation density of about 250 
mJ cm-2 (125 nJ on 8 µm spot) due to its high damage threshold.[5] The spectral FWHM over 
this angular range of emission is plotted in the same graph using hollow symbols. The 
emission linewidth at normal incidence below threshold is 1.4 nm (9.8 meV). Just above 
threshold the FWHM drops to 0.2 nm (1.4 meV). With increasing excitation density, due to 
simultaneous population of narrow modes, the effective FWHM increases. The blue shift of 
peak spectral emission is an indication of repulsive interaction between polaritons (Figure 
3(c)). The blue shift below threshold is negligible compared to the spectral FWHM and hence 
can be neglected. At threshold, there is a small red shift of peak emission as a result of 
multiple narrow peaks appearing within the lower polariton mode possibly due to disorder in 
cavity thickness across the excitation spot. At higher excitation densities, the relative 
intensities of the multiple narrow peaks changes showing an effective blue shift of 3 meV. 
While the shift is smaller than the effective FWHM due to the multiple modes, it is of similar 
magnitude to that observed in other organic semiconductor polariton lasers.[5-8] However, 
each of the narrow peaks do not shift significantly in energy, indicating weak polariton-
polariton interactions.  
 
Similar spectra emitted from cavity B and C are presented in the supplementary figure S7 
Below threshold the emission from these cavities has a slightly larger spectral FWHM 
possibly due to increased inhomogeneity in the film. We also see that above threshold the line 
shape appears to consist of multiple sharp lines. Once again, each of these narrow modes 
have a spectral FWHM of about 0.2 nm. However, simultaneous population of these modes 
result in larger effective spectral FWHM. Both the cavities exhibit lasing from the bottom of 
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the lower polariton branch above threshold followed by an effective blue shift of the peak 
position by about 3 meV. The pump energy dependence of the emission intensity is 
repeatable about the threshold excitation density for all the three cavities. 
 
It was also observed that the polariton emission below threshold was largely unpolarized. The 
cavities were pumped non-resonantly with respect to the lower polariton branch or bottom of 
the exciton reservoir in order to allow polarization memory loss. However polariton emission 
above threshold excitation density had the same polarization as the pump laser. This is due to 
the scattering rate into the bottom of the lower polariton branch at high excitation densities 
being much faster than the depolarization time. Details of polariton emission polarization 
with different pump polarization is given in the supplementary section 6. Similar polarization 
pinning has been observed in MeLPPP cavities by Plumhof et al.[5] 
 
Long range coherence is another indicator of polariton lasing. In order to demonstrate the 
appearance of long-range coherence, emission from the sample was split in a Mach-Zehnder 
interferometer with a retroreflector in one arm and interfered spatially and temporally onto a 
CCD to acquire an interferogram.[18] Figure 3(d) shows an interferogram when cavity A is 
excited above threshold density. Fringes are visible up to 5 m in distance showing that long 
range spatial coherence is present (see supplementary material section 7 for more details). All 
three cavities show onset of fringes only above threshold excitation density. These fringes are 
absent below threshold excitation density showing that coherence is not forced on polariton 
emission by the excitation pulses themselves. We find that similar to inorganic microcavities 
multiple spatially separated condensates can appear which then phase-lock as excitation 
power is increased.[21] The results provide clear evidence of macroscopic coherence from the 
emitting spots. 
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In conclusion, pentafluorene was identified as a promising material for room temperature 
polaritonics.  In particular it was found to give strong coupling and low threshold polariton 
lasing due to its strong absorption as well as high PLQY. Our results are compared with 
thresholds of other cavity polariton lasers in Table I. The table shows the thresholds of 
organic and inorganic semiconductor materials that have been reported to show room 
temperature polariton lasing in microcavities. Among organic materials, pentafluorene has 
the lowest incident excitation threshold by an order of magnitude, and is less than half of the 
lowest reported absorbed energy density. Inorganic semiconductor materials also present a 
comparable low threshold but generally require more complex fabrication techniques. It may 
be possible to reduce the polariton lasing threshold further in pentafluorene by either 
optimizing the protective layer or changing the photonic confinement geometry to a zero-
dimensional cavity or a surface plasmon coupled structure. In this work, we showed that the 
active layer can be deposited by spin coating and that by using an appropriate protective layer, 
a top DBR can be sputter deposited without significant degradation. Strong coupling in 
pentafluorene cavities was achieved exhibiting a Rabi splitting energy of 500 meV. Low 
threshold polariton lasing was achieved in three differently detuned pentafluorene cavities. It 
was observed that the threshold reduces in cavities with larger negative detuning and this was 
assigned to be due to a higher radiative decay component of the polariton mode. On 
excitation with a large spot, we see fragmentation into several bright spots. They are found to 
be coherent with each other even through separated by a few microns distance.  This study 
significantly lowers the polariton lasing thresholds demonstrated so far with strongly coupled 
organic semiconductors in planar microcavities and so brings electrical pumping of such 
devices closer. 
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Experimental section 
The absorption spectrum of the pentafluorene film was recorded with a UV-visible 
spectrometer CARY 300 and steady state PL spectrum was recorded using an Edinburgh 
Instruments FLS 980 fluorimeter with 343 nm excitation from a Xenon lamp. The complex 
refractive index of pentafluorene film were determined by spin coating the film on a silicon 
substrate and performing variable angle spectroscopic ellipsometry. Using WVASE32 
software the data were first fitted in the transparent region to determine the parameters for a 
Cauchy model. These parameters were then fixed and a multiple regression fit was performed 
to obtain the complex refractive index of the film over the entire range of the UV-visible 
spectrum. 
 The DBR mirrors were RF sputter deposited in an Angstrom Engineering deposition system. 
Alternating layers of 46.5 nm Ta2O5 and 69.7 nm SiO2, 10.5 pairs in total, followed by 10 nm 
SiO2 were sputtered on quartz substrates, to fabricate the bottom distributed Bragg reflector 
(DBR). Pentafluorene, purchased from American Dye Source Inc. ADS056FO, was dissolved 
in toluene (99.8% anhydrous, Sigma Aldrich) at a concentration of 22 mg/ml and left stirring 
overnight at 323 K. It was then sonicated in an ultrasonic bath for 1 minute and spin-coated 
on the DBRs. A range of spin speeds were used to form films of different thicknesses in a 
nitrogen glove box environment. The thickness of the active layer in the cavities were 
estimated using spectroscopic ellipsometric measurements of similarly deposited films on 
glass substrates. A 10 nm thick LiF layer was then evaporated on the organic film to protect to 
protect it from plasma during subsequent top DBR sputtering process. The top DBR consisted 
of 10 nm SiO2 followed by 6.5 pairs of alternating 46.5 nm Ta2O5 and 69.7 nm SiO2.  
Angle resolved reflectivity spectra for angles from 0˚ to 40.5˚ were measured using Fourier 
plane imaging with a 0.65 numerical aperture Nikon microscope objective onto the slit of a 
spectrometer (Andor 500SR coupled to an IDus 420 CCD or Newton 940 CCD). The angle 
resolved reflectivity in the range of 42˚ to 75˚ was recorded using a J. A. Woollam VASE 
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ellipsometer with the white light focused on to a 200 µm diameter spot. For polariton lasing 
studies, 200 fs duration pulses of 343 nm wavelength generated from the third harmonic of a 
femtosecond laser (Pharos from Light Conversion), were focused on the microcavities using a 
250 mm focal length lens from the substrate side. The emission was collected using the Nikon 
objective from the top DBR side and angle resolved again by Fourier plane imaging. The real 
space images of the emitting spot were also recorded on the same CCD spectrometer with the 
zeroth order of the grating. The excitation spot size was measured using a beam profilometer 
(Lasercam HR from Coherent) to be 175 µm at the sample plane. The magnification of the 
real space imaging system was estimated using a Thorlabs high resolution target (R2L2S1N1). 
For lasing studies, the incident excitation density was varied using a neutral density filter and 
the averaged incident energy per pulse was calculated using the average excitation power 
measured using a photodiode sensor head (Thorlabs S170C coupled to PM100D console) and 
repetition rate. The angle resolved emission was collected by the Andor spectrograph at each 
excitation density for 0.5 secs with the excitation repetition rate at 5 kHz or 1 kHz. 
For macroscopic coherence measurements, reflection geometry was used for excitation and 
emission detection with a Nikon 0.65 numerical aperture objective in order to create a small 
number of closely spaced lasing spots. The collected emission was split into two arms of an 
interferometer that directed the reflected and retro-reflected image into the Andor CCD 
spectrograph. 
Supporting Information  
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Figure 1: (a) Structure of pentafluorene, and sketch of the planar microcavity. (b) Absorption 
(black), steady state emission (blue) spectra of a neat pentafluorene film and transmission 
spectra through the sputtered bottom (green) and top (orange) reference DBRs at normal 
incidence. (c) Transfer matrix calculated spectra in pseudo color plots, the experimental 
reflectivity minima of the lower and upper polariton branch from cavity A as scatter plots and 
matching coupled oscillator model dispersion as dashed lines are depicted. 
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Figure 2: (a-c) Angle resolved lower polariton emission from Cavity A, with incident 
(absorbed) threshold excitation density ( ) of 16.7 J cm-2 (11.7 J cm-2) with estimated 
cavity mode as dotted lines. The emission dispersion below threshold (a), above threshold (b), 
and at 3   (c). Images (d-f) show corresponding real space distribution of emission. 
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Figure 3: (a) Normalized and vertically translated emission spectra from cavity A collected in 
the range of ±5˚ with change in excitation density. (b) Peak emission intensity (solid symbols) 
from cavity A shows non-linearity with excitation density and drop in spectral FWHM 
(hollow symbols) at threshold. (c) Peak emission wavelength from cavity shows an initial red 
shift at threshold followed by a blue shift with increasing polariton density. (d) An 
interferogram at 26 J cm-2 incident excitation density showing long-range spatial coherence 
in cavity A. 
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Table I: Summary of room temperature microcavity polariton lasing thresholds from strongly 
coupled organic and inorganic semiconductor materials  
 
Active 
semiconductor 
material 
Planar microcavity structure for strong coupling Lasing threshold 
energy density 
Incident Absorbed  
 
 
 
 
 
 
 
O 
R 
G 
A 
N 
I 
C 
Pentafluorene 
(present work) 
10.5 pairs of alternating Ta2O5 and SiO2 layers for bottom DBR and 
6.5 pairs for top DBR. 105 nm thick active layer is spin coated and 
protected on top with evaporated 10 nm thick LiF layer and another 
10 nm thick SiO2 sputtered layer. 
17 
µJ cm-2 
12 
µJ cm-2 
MeLPPP[7(b)] Plano-concave 0D cavity (planar cavity with 30 µm deep Gaussian 
defect on top mirror) with 9.5 and 6.5 pairs of alternating Ta2O5 and 
SiO2 layers for bottom and top DBRs. Active material is 35 nm thick 
with 10 nm thick protective SiO2 layer sputtered on top in a tunable 
open cavity. 
130 
µJ cm-2 
 
Bodipy dye[5(d)] 10 and 8 pairs of alternating SiO2 and Nb2O5 layers for bottom and 
top DBRs. Active layer thickness is 186 nm. 
527 
µJ cm-2 
 
eGFP[5(c)] Identical 14 pairs of alternating SiO2 and Ta2O5 layers for bottom 
and top DBRs. Active material is 500 nm thick in a 1.5 - 4.5 µm 
thick tunable open (laminated) cavity. 
24000 
µJ cm-2 
 
TDAF[6,7(c)] Identical 9 pairs of alternating SiO2 and Ta2O5 layers for bottom and 
top DBRs. Active material is 120 nm thick. 
600 
µJ cm-2 
27 
µJ cm-2 
MeLPPP[5(b)] 9.5 and 6.5 pairs of alternating Ta2O5 and SiO2 layers for bottom and 
top DBRs. 35 nm thick active material is sandwiched between 50 nm 
thick buffer SiO2 layers. 
500 
µJ cm-2 
 
Anthracene 
single crystals[5(a)] 
Identical 12 pairs of alternating SiO2 and SiN1.94 layers for bottom 
and top DBRs. Crystals in active layer were formed in 120 nm thick 
channels. 
 
 320 
µJ cm-2 
 
I 
N 
O 
R 
G 
A 
N 
I 
C 
CsPbCl3 
perovskite 
nanoplatelets[2(e)] 
13 and 7 pairs of HfO2/SiO2 layers for the bottom and top DBRs 
respectively. Active layer is 373 nm thick. 
12 
µJ cm-2 
 
ZnO[2(d)] 30 pairs of AlN/Al0.23Ga0.77N layers for the bottom DBR and 9 pairs 
of SiO2/HfO2 layers for the top DBR. 3λ/2 thick active layer is used. 
31.8 
kW cm-2 
 
GaN nanowire 
[2(c)] 
Identical 7 pairs of SiO2 and TiO2 layers for the bottom and top 
DBRs. Nanowires embedded in a λ cavity 
93 
nJ cm-2 
 
GaN/AlGaN 
multiple quantum 
wells[2(b)] 
35 pairs of Al0.85In0.15N/Al0.2Ga0.8N layers for bottom DBR and 13 
pairs of of SiO2/Si3N4 layers for the top DBR. Active layer consists 
of GaN/Al0.2Ga0.8N quantum wells forming a 3λ cavity structure 
17.7 
W cm-2 
 
GaN[2(a)] 35 pairs of Al0.85In0.15N/Al0.2Ga0.8N layers for bottom DBR and 10 
pairs of SiO2/Si3N4 layers for the top DBR. Active layer is 210 nm 
thick forming a 3λ/2 structure. 
 27 
µJ cm-2 
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Strong light-matter coupling is a promising route towards coherent light sources because it 
has the potential for thresholdless polariton lasing. Here we demonstrate that pentafluorene is 
a very good material for strong coupling and low threshold polariton lasing. We obtain a low 
threshold of 17 µJ cm-2 by making use of optimum active material and fabrication techniques.  
This study will assist the development of low threshold electrically pumped lasing from 
polariton devices. 
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Section 1: Effect of protective lithium fluoride layer 
It is well known that sputter deposition on an organic semiconductor layer can result in 
damage to the layer. Though studies regarding sputter deposition of top cathode in OLEDs 
have reported better performance compared to vacuum heat-deposited contacts[1] further 
improvements to OLED performance were made by including a buffer layer to reduce plasma 
damage[2,3] and penetration of ions into the organic layer[4] that can occur during sputtering 
process. In our study we decided to evaporate a transparent 10 nm thick lithium fluoride layer 
as a buffer on top of the pentafluorene film to reduce plasma damage. The photoluminescence 
quantum yield (PLQY) from pentafluorene films exposed to different processes are depicted 
in figure S1. The PLQY from the film deposited on quartz substrate was recorded with both 
343 nm as well as 370 nm excitation, depicted as solid and empty scatter plots respectively in 
figure S1(a). While the PLQY with different excitation wavelengths are different they follow 
the same pattern. Exposure of the film to vacuum and heat in evaporation chamber to deposit 
10 nm lithium fluoride on top reduced the PLQY. Further exposure to argon/oxygen plasma 
during sputter deposition of 10 nm thick SiO2 or 47 nm thick Ta2O5 reduced the PLQY even 
further. However, exposure to plasma without the protective lithium fluoride layer drastically 
reduces the PLQY of pentafluorene from 90% to 35%. The subsequent deposition of 47 nm 
thick Ta2O5 on 10 nm thick SiO2 results in an increase in the PLQY. This could be due to 
onset of cavity enhanced emission. Similar measurements from pentafluorene films on glass 
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substrates with 370 nm excitation, shown in figure S1(b), reaffirm the protective action of the 
lithium fluoride layer. 
Figure S1: (a) Photoluminescence quantum yield recorded from pentafluorene (P5) films spin 
coated on quartz (Qz) substrates with excitation wavelengths of 343 nm (solid symbols) or 
370 nm (hollow symbols) using a Hamamatsu Photonics absolute quantum yield spectrometer. 
(b) Similar measurement from pentafluorene films on glass substrates with 370 nm excitation 
show the same trend. 
 
Section 2: Reflectivity measurements on cavities  
Reflectivity spectra measured from the three cavities A, B and C show the peak position of 
the polariton modes with angle tuning. At normal incidence, while the lower polariton mode 
is clearly visible in the three negatively detuned cavities, the upper polariton mode is outside 
the reflectivity stop band of the mirrors.  At high angles of incidence, the lower polariton 
mode shifts to higher energies at a much slower rate than the DBR band gap edge as a result 
of strong coupling. This results in the lower polariton mode being enveloped by the DBR 
band edge. However, this also allows the upper polariton mode to emerge within the DBR 
band gap at high angles. The large Rabi splitting energy and short band gap of the DBRs 
fabricated prevent simultaneous observation of both the polariton modes at a wide range of 
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angles. From the dispersion of the modes, spectra shown in Figure S2, it is evidenced that the 
cavities are strongly coupled  
For angles shorter than 40.5˚ (limited by the numerical aperture of the objective lens), 
reflected and emission spectra were collected using Fourier plane imaging. Figure S3 shows 
that reflectivity and photoluminescence spectra from the three cavities show the same 
dispersion relation. The polariton dispersion for cavity A from figures S2 and S3 are used in 
Figure 3(c) in the main text. 
 
Figure S2: Normalized experimental reflectivity spectra, vertically translated for improved 
visibility, show position of the lower and upper polariton modes with angle tuning for the 
three cavities A, B and C (a-c). The peak positions in the spectra are highlighted with scatter 
plots. 
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Figure S3: The xenon lamp reflected spectra from the three cavities A, B and C are shown in 
figures (a, c, e respectively) while the emission spectra from the same spot from the 
corresponding cavities are shown in figures (b, d, f). The reflected and emission dispersion 
observed are from the same lower polariton mode. The cavity modes of the three cavities 
obtained from coupled oscillator model are at much shorter wavelengths than the lower 
polariton modes.  
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Section 3: Ellipsometric measurement on pentafluorene films 
Spin coated small molecules in general are largely isotropic.[5] It has also been reported that 
pentafluorene in neat films are only slightly oriented along the substrate plane.[6] Figure S4 
shows the refractive index fits for pentafluorene obtained using variable angle spectroscopic 
ellipsometry performed on pentafluorene films on silicon substrates. The thickness of the film 
was first extracted using a Cauchy model followed by a refractive index fit for the entire 
region of interest using multiple regression using Woollam WVASE software for an isotropic 
model. This complex refractive index was then used to calculate the transmission/reflection 
through the strongly coupled microcavity using transfer matrix method.  
 
 
Figure S4: Real (n) and imaginary (k) parts of the refractive index fit of a pentafluorene film  
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Section 4: Coupled oscillator model 
The photonic ( ) and exciton ( ) modes can be represented as oscillators[7,8] whose 
interaction strength is represented by the parameter Ω. This gives an eigenvalue equation for 
the energies of the coupled oscillators, written as  . The eigenvalues 
are , show the dispersion of the upper and 
lower polarition modes. α2 and β2 are the photon and exciton fractions of the lower/upper 
polariton modes. The experimental dispersion observed in the three cavities A, B & C are 
shown as scatter plots in figure S5 (a-c). A small step in the dispersion around 42˚ angle of 
incidence is due to difference between the two experimental setup used to measure the 
reflectivity at small and large angles. The input variables, cavity mode energy at normal 
incidence, exciton mode energy from peak absorption, the effective refracitive index of the 
cavity and the Rabi splitting energy into the coupled oscillator equation, shown in table ST1, 
give a dispersion (solid line in figures S5 (a-c)) that agree well the experimental results. The 
Rabi splitting energies from the three negatively detuned cavities are nearly identical at 500 
meV. The photon/exciton fractions or the Hopfield coefficients, shown in figure S5 (d-f) for 
the three cavities show that photonic fraction of the lower polariton at normal incidence is 
nearly 80%. 
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Figure S5: Polariton peak positions as scatter plots and coupled oscillator model dispersion as 
solid lines for cavities A, B and C (a-c) and Hopfield coefficients for corresponding cavities 
(d-f). 
Table ST1: Inputs and parameters used in coupled oscillator model to match with 
experimental data  
Cavity 
name 
Lower 
polariton at 
normal 
incidence 
(nm ; eV) 
Cavity mode 
at normal 
incidence 
(nm & eV) 
Exciton 
mode 
peak 
(eV) 
Negative 
detuning 
(meV) 
Effective 
refractive 
index 
Half-Rabi 
splitting 
energy  
Ω (meV) 
Polariton 
lasing 
threshold 
(µJ cm-2) 
A 436.4; 2.84 420.3; 2.95 3.4 450 1.8 250 16.6 
B 432.6; 2.86 413.3; 3.0 3.4 400 1.8 260 20 
C 421.6; 2.94 404; 3.07 3.4 330 1.9 250 46 
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Section 5: Lasing studies on differently detuned cavities 
In order to understand the population and relaxation dynamics of the lower polariton branch, 
cavities of different detunings were studied. If radiative decay is the dominant mechanism, 
then the relaxation rate is similar to the radiative decay rate. With increasing excitation 
density, the polaritons at the bottom of the lower polariton branch decay quickly due to their 
higher photonic fraction. When this emission overlaps with the gain spectrum of the material, 
population into the bottom of lower polariton branch is quickly enhanced. This results in 
lowering the threshold for the onset of polariton lasing in materials with high PLQY. As seen 
in our cavities, A and B have a threshold lower than cavity C. However, the nature of lasing 
from all the cavities are nearly the same. Shown here in figure S6, are the Fourier and real 
space emission from cavity B (S6, a-f) and cavity C (S6, g-l). Below threshold excitation 
densities, both the cavities show emission following lower polariton dispersion (S6, a and g) 
in Fourier space, while the real space emission (S6, d and j) follows the Gaussian excitation 
profile. Above threshold excitation density, multiple narrow spectra emerge in Fourier space 
(S6, b and h) arising from localized spots (S6, e and k) are observed. Increasing excitation 
density further increases the polariton density of the bright spots resulting in a blue shifted 
emission (S6, c and i) in Fourier space and a corresponding spatial spread of distribution in 
real space (S6, f and l) due to repulsive interaction. Slide show videos of the recorded 
emission from the three cavities in Fourier space are available with this supporting document. 
The increase and decrease with emission intensity and the change in polariton emission 
dispersion as the excitation density in varied is depicted. 
The multiple narrow polariton lasing modes observed from cavities B and C are depicted in 
figure S7 (a) and (b) respectively as normalized and vertically translated spectra. It can be 
seen that while there is a shift in emission to the blue, it is due to relative increase peak 
intensities rather than movement of the peaks themselves. The non-linear increase in emitted 
     
30 
 
intensity as well as drop in spectral full width at half maximum from the two cavities are 
shown in figure S7 (c) and (d) respectively.  
         
Figure S6: Fourier space emission from cavity B at three different excitation densities, 0.7  
(a), 1.3  (b), and 2.5  and their corresponding real space emission (d-f) respectively. 
Similar emission from cavity C, at three different excitation densities, 0.5  (g),  (h), and 
1.5  in Fourier space and corresponding emission in real space (j-l) respectively. 
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Figure S7: Normalized and vertically translated emission spectra from the cavities B and C 
with different excitation densities are shown in (a) and (b) respectively. (c-d) Peak emitted 
intensity collected from corresponding cavities collected in the range of ±5˚ show threshold 
behavior at incident excitation densities of = 20 µJ cm-2 and = 46 µJ cm-2 respectively. 
A drop in spectral FWHM at threshold is observed.  
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Section 6: Polarization measurements on polariton emission 
The linear polarization of emission from the lower polariton branch was analyzed for two 
different linear polarizations of the excitation pump pulse. It is observed that below threshold 
excitation density, the emission is largely unpolarized while above threshold excitation 
density, the emission followed the pump polarization. 
 
Figure S8: Emission intensities in polar plots for different angles of linear polarization for 
two different excitation linear polarization are shown with excitation densities below (a, c, e) 
and above (b, d, f) threshold excitation densities from cavities A, B and C. 
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Section 7: Coherence measurements on the polariton lasers 
Additional videos of coherence measurements are available with this supporting document. 
 
 
Figure S9: Images of the emitting spot collected through both arms of an interferometer (on 
the left) and the image of emitting spot from the two arms overlapped spatially and temporally 
(on the right) show absence of fringes below threshold, at 0.6  (top), and presence of 
fringes above threshold, at 1.3  (bottom), from Cavity A where is incident 20 µJ cm-2. 
(f) 
(e) 
(d) 
(c) 
(b) 
(a) 
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Figure S10: Images of the emitting spot collected through both arms of an interferometer (on 
the left) and the image of emitting spot from the two arms overlapped spatially and temporally 
(on the right) show absence of fringes below threshold, at 0.6  (top), and presence of 
fringes above threshold, at 1.16  (bottom), from Cavity B where  is incident 32 µJ cm-2. 
(f) 
(e) 
(d) 
(c) 
(b) 
(a) 
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Figure S11: Images of the emitting spot collected through both arms of an interferometer (on 
the left) and the image of emitting spot from the two arms overlapped spatially and temporally 
(on the right) show absence of fringes below threshold at 0.8  (top) and presence of fringes 
above threshold at 1.4  (bottom) from Cavity C where is incident 68 µJ cm-2. 
 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
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Section 8: Pentafluorene film emission lifetime  
The time resolved emission from a neat pentafluorene film was measured using a Hamamatsu 
C10910 Streak camera connected to a spectrograph in synchroscan mode. The emission was 
fitted with a single exponential decay giving a lifetime of 440 ps (Figure S12). 
 
Figure S12: Experimentally recorded time resolved emission from pentafluorene film 
(scattered blue plot) overlapped with a single exponential decay fit (solid red line).   
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